Introduction
Many Hemipteran insects, mostly Sternorrhyncha (scales, whiteflies, aphids, mealybugs, and psyllids) and Auchenorrhyncha (planthoppers and leafhoppers), predominantly feed on plant sap (Douglas 2006) . In general, three types of plant sap sucking insects occur in nature viz. phloem sap suckers, xylem sap suckers and mesophyll cell suckers (Novotny and Wilson 1997) . Indian lac insect [Kerria lacca (Kerr), belonging to Hemiptera: Tachardiidae], is reportedly a phloem sap sucker (Ahmad et al. 2012) . It thrives on twigs of more than 400 host taxa in South East Asia, of which the more commercially important host taxa in India are Schleichera oleosa (Lour.) Oken, Butea monosperma (Lam.) and Ziziphus mauritiana (Lam.) on which larvae of lac insect settle and females secret a resin for their own protection (Sharma and Ramani 1999) . This resin, known as lac, has tremendous applications in various industries due to its intrinsic qualities and versatility.
The various benefits associated with lac have led to several studies focusing on the production and quality aspects of lac. This would necessitate an analysis of the phloem sap, the sole source of nutrition of lac insect which ultimately gets converted into lac through insect intervention. Though the precise biosynthetic pathway of lac production needs to be investigated for thorough understanding, an initiation can be made by analyzing of the phloem sap constituents. Phloem sap, a main source of carbon and nitrogen in the diet of phloem sap feeders, is mainly composed of sugars, free amino acids and inorganic constituents (Douglas 2006; Karley et al. 2002) . Three types of sugars are predominantly translocated in phloem sap namely, oligosaccharides of sucrose and raffinose family and sugar alcohols (Tarczynski et al. 1992; Bachmann et al. 1994) . Sugars viz. sucrose, glucose, fructose, raffinose, galactose, trehalulose and trehalose were commonly found in phloem sap (Zhang et al. 2012; Merchant et al. 2010) . About 20 amino acids are commonly found in biological materials. In insects, generally ten amino acids are considered essential: arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine while the others, which are considered as non-essentials, can be synthesized or derived from these ten (Dadd 1985; Douglas 2006) . Additionally, though tyrosine is non-essential, it can be considered essential since it is synthesized only from an essential amino acid, phenylalanine (Dadd 1985) . Moreover, glycine is considered as essential amino acid in Phenacoccus herreni while it is non-essential in Acyrosiphon pisum (Calatayud et al. 2002) . This indicates that different amino acids are considered essential for different insects. Since, no report is available on Kerria lacca with reference to amino acids in the literature and no synthetic diet has been developed for culturing of the lac insect therefore different sugars viz. sucrose, glucose, fructose, raffinose and trehalose; and essential amino acids viz. Val, Leu, Met, Phe, Tyr and Arg along with Gly and non-essential viz. Ala, Glu and Asp has been analyzed in this study.
Three phloem sap collection methods viz. the aphid stylet technique (stylectomy) (Fisher and Frame 1984) , exudation by incision method (Richardson et al. 1982) and "facilitated exudation" through ethylene diaminetetraacetate (EDTA) chelation (Costello et al. 1982) have been described in the literature. In the aphid stylet technique, the stylet or proboscis of insect is cut by razor blade or laser beam and the phloem sap oozes out from phloem cells due to capillary action. It is a laborious method and provides a very small volume of untainted phloem sap (Fisher and Frame 1984) . In exudation by incision method, phloem sap is directly collected by incisions in the plant. "Facilitated exudation" method is a modification of exudation by incisions, in which cut part of petiole/stem is dipped in EDTA solution to collect the phloem sap.
In the present study the analysis of main constituents of phloem sap i.e., sugars and amino acids of the good host trees (high lac yielder) of B. monosperma, Z. mauritiana and S. oleosa and host trees of S. oleosa giving consistently low yields as well as in hemolymph of lac insect have been carried out by high performance liquid chromatography (HPLC) and tandem mass spectrometry (MS/MS), respectively.
Materials and methods

Sample collection
Phloem sap was collected from preferred host trees (good yielder) and non-preferred host trees (bad yielder) of S. oleosa and also from preferred host trees of Z. mauritiana and B. monosperma. The phloem sap collection was carried out by two ways.
In the first method, the samples were collected using the "facilitated exudation" method, in which the petioles were cut under 10 mM EDTA solution and kept in dark for 6 h, after which leaves were removed and the samples were retained on ice from the field upto the lab, where the samples were stored at −20°C till further use.
The second method is a modification of the first method where three leaves of each species were cut off and the petioles were re-cut under 5 mM EDTA solution. The leaves were then transferred in cryovials containing 1 ml of 5 mM EDTA solution (pH 7.0). The vials were kept in dark at 23°C to reduce transpirational water loss. After 2 h, the leaves were removed from the vials and the fraction of phloem sap was frozen in liquid nitrogen until used.
The lac insects were also frozen in liquid nitrogen for the analysis of sugars and amino acids at the time of phloem sap collection.
Sugar analysis by High Performance Liquid Chromatography (HPLC) HPLC was used for the identification and quantification of the sugars present in the phloem saps of the collected samples. The phloem sap was filtered through 0.22 μ×47 mm membrane filter using Millipore filtration unit and analyzed using HPLC (Shimadzu, LC -4A). Different sugar standards (Sigma, USA) such as sucrose, glucose, fructose, trehalose, and raffinose were used for HPLC analysis. Individual sugar standards of 0.1 M concentration were prepared and mixed in equal amount to make working standard. The sugar standards were filtered through 0.22 μ X 13 mm membrane filter. An amino analytical column (15 cm X 4.6 mm) was used for sugar analysis. The refractive index detector of sodium light at a wavelength of 589 nm and a temperature of 25°C was used for the detection of sugars. For the mobile phase, HPLC grade acetonitrile (Sigma, USA) and water (Sigma, USA) was used in the 70:30 ratio. The mobile phase was sonicated for degassing to avoid the problem of air bubble and filtered through 0.22 μ X 47 mm membrane filter using Millipore filtration unit to avoid the problem of back pressure. A flow rate of 0.5 ml/min was set for the analysis and the pump was set at isocratic mode i.e. constant mobile phase composition is pumped through the column during the whole analysis. The volume of sample injection was optimized at 50 μl per sample and column temperature was maintained at 25°C.
Amino acid analysis by tandem mass spectrometry (MS/MS)
The measurement of amino acids in the phloem sap was done using a solution containing stable isotope labeled internal standards of amino acids with a tandem mass spectrometry (MS/MS) system. The response of each analyte relative to its corresponding stable isotope labeled internal standard was proportional to analyte concentration. A triple-quadrupole mass spectrometer used for these measurements is a computer-controlled device that separates and quantifies ions based on their mass to charge (m/z) ratio. The samples were delivered to the ion source of the mass spectrometer by the liquid chromatography (LC) system consisting of an auto-sampler (Perkin Elemer, series-200), micro pump (Perkin Elemer, series-200) and solvent vacuum degasser. The turbolon spray (ion source) generates a fine spray of charged droplets from which ions are emitted as the solvent evaporates. These ions were introduced into the first mass analyzer region (MS1) and final mass analyzer region (MS2). The amino acids non-derivatized tandem mass spectrometry kit was used for analysis. The kit contained two vials and a bottle, with one vial containing amino acid internal standards in lyophilized form (2.5 μM of 15 N2-13C-Gly and rest are in 0.5 μMconc., 2H4-Ala, 2H8-Val, 2H3-Leu, 2H3-Met, 2H5-Phe, 13C6-Tyr, 2H3 Asp, 2H3-Glu, 2H2-Orn, 2H2-Cit, 2H4-13C-Arg) and the other containing reconstitution solution (methanol and water). The bottle contained extraction solution (methanol, water and oxalic acid). The assay was performed as follows:
The samples were gently touched on preprinted circle of the filter paper which was saturated with sample and allowed to dry at room temperature. The vial of lyophilized amino acid was reconstituted as internal standard with 1 ml of the reconstitution solution. This solution was then diluted by a factor of 1:200 with extraction solution. After this filter paper disks were punched out using an automatic puncher and put into micro plate. 190 μl of the extraction solution was added to each well containing a filter paper disk. The plate was covered with an aluminum foil ensuring a good seal to minimize evaporation. Immediately after covering, the plate was kept in the incubator shaker at 30°C for 30 min at 650 rpm. After this it was removed from the incubator shaker and loaded into the auto-sampler. Data acquisition and processing was done using analytic software (NeoGram). The chirality of free amino acids was not measured in the present study.
For comparison of the sugars and amino acids composition of lac insect body and the phloem sap of its three different host taxa, the values were transformed to relative percentage of the total sugars and free amino acids analyzed in each sample.
Results
Phloem sap sugars
The sugars, monosaccharide (glucose and fructose), disaccharide (sucrose and trehalose) and trisaccharide (raffinose) of lac insect and phloem sap [method I and method II (modified method)] from its three commercially important host taxa viz. S. oleosa, B. monosperma and Z. mauriatiana were analyzed by HPLC. A total of six peaks were resolved for the sugar standards at different retention time (RT) in the solvent [acetonitrile: water (70:30)] with 0.5 ml/min flow rate. Of the six peaks resolved the first peak at RT 4.00 min was the solvent peak, therefore, it was not considered while other five peaks of fructose, glucose, sucrose, trehalose and raffinose were resolved at RT 7.35 min, 7.95 min, 9.07 min, 9.97 min and 11.95 min, respectively (Fig. 1a) . The results were tabulated as relative percentage of total sugars analyzed in lac insect hemolymph and its three host taxa (Tables 1 and 2 ).
In S. oleosa, the HPLC chromatogram of method II of phloem sap collection showed three peaks at RT 7.3, 7.9 and 9.0 min which represent fructose, glucose and sucrose, respectively (Fig.1b) . The individual sugar content was not significantly different between good host and bad host of lac insect in method II of phloem sap collection ( Table 2) . The glucose was the predominant sugar in good host as well as in bad host with the relative percentage of 68.13±2.6 and 72.9±3.8, respectively in phloem sap collected by method I (Table 1) while sucrose was the predominant sugar with relative percentage of 70.8±4.7 and 75.4±3.3 both in good host as well as in bad host, respectively in the phloem sap collected by method II (Table 2 ). In addition to this, sucrose was present in least quantity with the relative percentage of 15.49±0.35 and 7.08±2.8 in good host as well as in bad host, respectively, in the samples collected by method 1, while in the samples collected by method II, fructose (10.1±2.0 in good host and 8.2±0.8 in bad host) was present in least quantity. In both methods of collection, raffinose was not detected. 1 (fructose), 2 (glucose), 3 (sucrose), 4 (trehalose) and 5 (raffinose). b Schleichera oleosa, peak : 1 (fructose), 2 (glucose) and 3 (sucrose). c Butea monosperma, Peak: 1 (fructose) and 2 (sucrose). d Ziziphus mauritiana, peak : 1 (fructose), 2 (glucose) and 3 (sucrose). e Kerria lacca, peak: 1 (fructose), 2 (glucose), 3 (sucrose), 4 (trehalose) and 5 (raffinose) The phloem sap (collected by method II) of B. monosperma was resolved into two peaks at RT 7.3 (fructose) and 9.0 (sucrose) by HPLC (Fig. 1c) while three peaks were observed at RT 9.3 min (fructose), 8.0 min (glucose) and 9.0 min (sucrose) in HPLC of Z. mauritiana (Fig. 1d) . Fructose was the predominant sugar, 81.7±3.5 and 44.5±2.5 in B. monosperma and Z. mauritiana, respectively in the samples collected by method I while it was least (14.4±1.8 and 12.0±0.36, respectively) in case of the samples collected by method II (Tables 1 and 2 ). In B.monosperma and Z. mauritiana, sucrose was the predominant sugar with relative percentage of 85.6±0.9 and 58.9±3.6, respectively in the samples collected by method II while it was least in the samples collected by method I (Tables 1 and 2 ). Glucose was not detected in B. monosperma in the samples collected by method II, while it was 9.6±4.4 in the samples collected by method I. Trehalose and raffinose were not detected in B. monosperma as well as in Z. mauritiana.
The HPLC chromatogram of K. lacca showed a number of peaks along with five known peaks of fructose, glucose, sucrose, trehalose and raffinose resolved at RT 7.3 min, 7.9 min, 9.0 min, 9.9 min and 11.9 min, respectively ( Fig. 1-e) . The relative percentage of trehalose was exceptionally high (62.3±0.4) in relation to other sugars analyzed, while it was not detected in phloem sap of any of the three host taxa of lac insect (Table 2) . Despite to this, in our initial experiments, trehalose (2.77±0.72) was detected in S. oleosa, bad host trees (Table 1 ). The glucose, fructose and sucrose were also detected in relative percentage of 14.17±2.2, 6.6±1.0 and 9.5±0.4, respectively in the insect body (Table 2 ). In addition to this, moderate amount (6.8±0.6) of raffinose was also detected in the insect, which could not be detected in any of the three host taxa (Table 2) .
Phloem sap amino acids
Ten amino acids, comprising seven essential (Arg, Gly, Leu, Met, Phe, Tyr, Val) and three non essential (Ala, Asp, Glu,) amino acids were analyzed in lac insect and its three different host plants viz. S. oleosa, B. monosperma and Z. mauriatiana by tandem mass spectrometry. The relative percentage of nonessential amino acids was found to be more in all the three host plants of lac insect while essential amino acids were present in lower relative percentage (Fig. 2) . In S. oleosa, the relative percentage of essential amino acids and nonessential amino acids was 33.8 % and 60.8 % in good host and 35.4 % and 64.6 % in bad host, respectively (Fig. 2) . Table 3 ). The relative percentage of Met was least in good host (1.6±0.49) and bad host (1.2±0.34) of S. oleosa. Gly (9.7±1.5 and 10.5±1.9) was found in higher relative percentage among the essential amino acids in good host as well as in bad host (Table 3) . Likewise, the non-essential amino acids were found to be 66.9 % and 69.9 % in B. monosperma and Z. mauritiana, respectively (Fig. 2) . Accordingly, the relative percentage of essential amino acids was 33.1 % and 30.1 % in B. monosperma and Z. mauritiana, respectively (Fig. 2) . In both B. monosperma and Z. mauritiana, glutamic acid was the predominant amino acid with relative percentage of 36.0±1.8 and 39.8±1.4, respectively (Table 3) . Accordingly, the relative percentage of Ala (17.7±1.3 and 18.3±0.98) and Asp (13.2±0.79 and 11.8±1.4) was high in B. monosperma as well as in Z. mauritiana (Table 3 ). The least detected amino acid was Tyr (1.3±0.2) in B. monosperma, while it was moderate (2.1±0.43) in Z. mauritiana (Table 3) . Met was not detected in Z. mauritiana and but was moderately present (2.4±0.26) in B. monosperma (Table 3) .
It was observed that the essential amino acids (Met, Phe and Tyr) were negligible in all the three different host plants including good and bad host of S. oleosa; while Val, Gly, and Leu were moderately present. Arg was least in good host but moderate in bad host of S. oleosa (Table 3) . On the other hand, the nonessential amino acids (Glu, Ala and Asp) were detected in high relative percentage in all the three different host taxa (Table 3) .
In contrast to this, the relative percentage of essential amino acids (81.9 %) was higher as compared to nonessential amino acids (17.7 %) in lac insect (Fig. 2) . In addition to this, Tyr was detected in exceptionally high (61±2.6) quantity in lac insect, while it was negligible in all the three host taxa (Table 3) . Ala (5.8±1.4), Asp (7.2±0.88) and Glu (5.1±0.95) were moderately present in lac insect (Table 3, Fig. 2) . The relative percentages of Phy (3.1±0.43) Met (2.7±0.26), Leu (2.6±0.65) and Gly (2.5±0.52) were low, while Arg (6.3±0.43) and Val (4.1±0.34) were present in moderate amounts (Table 3 ).
Discussion
Most of the studies in the available literature have analyzed phloem sap composition of herbaceous plants (Wilkinson and Douglas 2002; Karley et al. 2002) . Few studies are available on tree species where exudation and collection of sap is difficult (Inbar and Wool 1995) . "Stylet technique" was unsuccessful for collection of phloem sap in the present study because of the small size (2-6 mm) of the lac insect. The phloem sap collected through "exudation by incision method" yielded low amounts of sap. The "facilitated exudation method using EDTA", a modification of "exudation by incision method" was found to be satisfactory and thus used in the present investigation.
The results of the experiment where Method I was used to collect phloem sap showed that glucose or fructose was the prominent sugar associated with phloem transport in all the three different host taxa rather than sucrose, sugar alcohols or raffinose (Tarczynski et al. 1992) . In this method, phloem sap was collected in the neighboring forest of IINRG, Ranchi. Samples were brought in ice and frozen in −20°C at Delhi University laboratory till further use. It is likely that during this time, the enzyme acid invertase, generally found in cell walls, (Fahrendorf and Beck 1990 ) might have converted the sucrose to glucose and fructose. Method II of phloem sap collection, wherein collection time was reduced from 6 h to 2 h after which samples were immediately frozen in liquid nitrogen, showed significantly higher sucrose concentration in all the three different host taxa. Therefore, results clearly depicted that sucrose is the main sugar transported via phloem in all the three host taxa of lac insect (Table 2) , which corroborate with the preliminary study by Zimmermann and Ziegler (1975) which reported sucrose as the predominant sugar in Butea frundosa (SynB. monosperma) and Z. mauritiana while separating sieve tube sugars and sugar alcohols using Whatmann filter paper chromatography. However, no such report is available in case of S. oleosa. In addition, a detailed investigation of the relative amounts of different sugars present in these taxa is also completely lacking. The presence of relatively high sucrose concentration in all the three host taxa also support the fact that lac insect is a phloem sap sucking insect, as reported by Ashford et al. (2000) that the host plants of sap sucking insects have high concentrations of sucrose in their phloem sap. Presence of low amounts of glucose and fructose in phloem sap collected by method II, was perhaps because of the presence of enzyme acid invertase in cell walls which is capable of hydrolyzing sucrose even during phloem sap collection (Fahrendorf and Beck 1990) . Raffinose was not detected in any of the three taxa. Bachmann et al. (1994) reported that raffinose is generally associated with cold hardiness. As the three taxa analyzed were not collected from temperate regions and are not generally frost hardy plants, the absence of raffinose is expected.
A comparison between the sugars present in the phloem sap with those found in the lac insect shows trehalose as the sugar being extensively synthesized in the insect body as it was undetected in the phloem sap, which is the sole source of insect nutrition. Trehalose has been reported as the main sugar in the other phloem sap-sucking insects such as aphids, followed by glucose and small amounts of sucrose and fructose (Moriwaki et al. 2003) . Sucrose ingested by the phloem sap-feeding insects is utilized both as respiratory substrate and also for synthesis of trehalose, mannitol etc. Ashford et al. (2000) used radioactively labeled glucose and fructose moieties of the sucrose as a constituent of chemically defined diet to find that the fructose moiety is assimilated more efficiently and respired more preferentially than glucose. The oligosaccharides synthesized by the insects use glucose as the substrate catalyzed by transglucosidase activity. Presence of twice the amount of glucose than fructose observed in the lac insect body also suggests the differential utilization of the two sugars.
Trehalose, a non-reducing disaccharide in which the two glucose units are linked in an α,α-1,1 glycosidic linkage, was the major component in lac insect which substantiates with the previous studies that trehalose is the principal sugar circulated in blood or hemolymph of many insects (Moriwaki et al. 2003; Thompson 2003) . Relatively less proportion of sugars, other than trelalose has been reported in the insect body by Heddi et al. (2005) . Besides, the high level of trehalose in the lac insect corroborates with previous studies which conclude that phloem feeding insects have high concentration of trehalose in the hemolymph, which they utilize as an energy source in their tissues and organs by hydrolyzing it to two molecules of glucose by the isomeric forms of an enzyme, trehalase, and reform glucose (Wyatt 1967) . In addition, it has been shown that trehalose can protect proteins and cellular membranes from inactivation or denaturation caused by a variety of stress conditions, including desiccation, dehydration, heat, cold and oxidation (Thompson 2003; Elbein et al. 2003) .
Dietary sugar, the principal energy source for insects, also determines the level of the blood sugar trehalose because the trehalose concentration increases with the increase in the dietary sugar concentration (Thompson 1999) . Therefore, sucrose present in phloem sap is indicated as precursor molecule in trehalose biosynthesis. In trehalose biosynthesis, the glucose from UDP-glucose (or GDP-glucose in insects) is transferred to glucose-6-phosphate to form trehalose-6-phosphate and UDP. This reaction is catalyzed by the trehalose-P synthase (Liu et al. 1969 ). Occurrence of enzymes required for synthesis in the fat bodies of the insects suggests them to be the site of trehalose synthesis.
Amino acids Asp, Glu and Ala were present in higher relative percentage consistently in free amino acid pool of phloem sap, with Glu being the predominant component of all the three host taxa of lac insect, as has been reported in other studies also (Riens et al. 1991; Girousse and Bournoville 1994; Sandstrom and Petterson 1994) . Interestingly, these amino acids (Asp, Ala, and Glu) have a primarily phagostimulatory function rather than nutritive function in Phenacoccus herreni, as omission of any one of these in thediet led to only reduction in body weight and no delay in insect development (Calatayud et al. 2002) . The essential amino acids Arg, Met, Phe and Tyr were in relatively low percentage in the phloem sap of all the three lac insect host taxa thus indicating that phloem sap is poor in essential amino acids (Riens et al. 1991; Sandström and Moran 1999) . Of the ten amino acids analyzed, seven essential amino acids (Leu, Met, Phe, Tyr, Val, Arg and Gly) together constitute approx. 30-35 %, while only three non-essential amino acids (Glu, Asp and Ala) together accounted for approx. 65-70 % of the ten amino acids in phloem sap of all the three different host taxa. On the other hand, these nonessential amino acids measured only 17.7 % in insect hemolymph. Due to this unbalanced amino acid composition of lac insect diet, investigations of amino acid metabolism is crucial in lac insect. Endosymbionts can improve insect nutrition by 'correcting' the composition of ingested amino acids in the phloem sap, using its broader biosynthetic capabilities (Sandström and Moran 1999) .
The difference between the good and bad host in terms of sugars and amino acids analyzed was found to be nonsignificant. This data provides strong evidence, against a role for phloem sap sugars and amino acids, as determinants of the host plant selection by lac insect and suggests that some other factors have contributed to the compatibility between lac insect and its good host. These results also corroborate with the previous studies where phloem sap amino acids composition and sucrose:amino acid ratio were not found to be important factors for the selection of host range (Wilkinson and Douglas 2002) .
The highest presence of tyrosine (61 %) in lac insect body was quite interesting because it was only 1.2 %-2.2 % in its three host taxa. Diphenolic compounds derived from tyrosine play a central role in sclerotization or tanning of the new cuticle and also serve as precursor molecule that pigments the exoskeleton (Kramer and Hopkins 1987 ). An adult lac insect has a very thin cuticle. Therefore, though high amount of tyrosine is synthesized, its insufficient utilization for sclerotisation and pigmentation could be a cause of its accumulation. Alternatively, role of tyrosine has been demonstrated in fecundity and proper egg hatchability (Zografou et al. 2001) . Significantly high amount of tyrosine can also be ascribed to adult stage of the insects used for analysis, i.e., just before the formation and laying of eggs, both of which require high amounts of tyrosine.
The main conclusions of the present study are as follows:-firstly, sucrose is the predominant sugar translocated in phloem sap in the three taxa investigated and secondly, relative percentage of sugars and amino acids did not differ significantly between good host and bad host of S. oleosa of lac insect indicating that phloem sugars and amino acid and therefore the major constituents of the diet of insect are not important factors for determining the host taxa selection by lac insect. Further, significant presence of essential amino acids in the lac insect inspite of highly deficient diet consumption (phloem sap) led to the detection of endosymbionts in lac insect, which are capable of correcting the nutritional deficiency of phloem sap. We reported for the first time the occurrence of endosymbionts (Wolbachia and yeast-like endosymbionts) in lac insect (Vashishtha et al. 2011) . These endosymbionts are not reported for correcting the deficiency of essential amino acids therefore, we suggested the presence of other such endosymbiots in lac insect. Moreover, our study could be exploited for development of a synthetic diet for lac insect, which is an utmost need for a thorough understanding about the precise pathway of lac biosynthesis.
